Among the advanced electronic devices, flexible organic electronic devices with rapid development are the most promising technologies to customers and industries. Organic thin films accommodate low-cost fabrication and can exploit diverse molecules in inexpensive plastic light emitting diodes, plastic solar cells, and even plastic lasers. These properties may ultimately enable organic materials for practical applications in industry. However, the stability of organic electronic devices still remains a big challenge, because of the difficulty in fabricating commercial products with flexibility. These organic materials can be protected using substrates and barriers such as glass and metal; however, this results in a rigid device and does not satisfy the applications demanding flexible devices. Plastic substrates and transparent flexible encapsulation barriers are other possible alternatives; however, these offer little protection to oxygen and water, thus rapidly degrading the devices. Thin-film encapsulation (TFE) technology is most effective in preventing water vapor and oxygen permeation into the flexible devices. Because of these (and other) reasons, there has been an intense interest in developing transparent barrier materials with much lower permeabilities, and their market is expected to reach over $550 million by 2025. In this study, the degradation mechanism of organic electronic devices is reviewed. To increase the stability of devices in air, several TFE technologies were applied to provide efficient barrier performance. In this review, the degradation mechanism of organic electronic devices, permeation rate measurement, traditional encapsulation technologies, and TFE technologies are presented.
Background of encapsulation technology for organic electronics
Organic electronics have been the focus of many investigations in the fields of physics and chemistry for more than 50 years. In the early 1960s, Pope et al. and Helfrich et al. found light transmitted from single crystal of anthracene [1, 2] . Their study showed the possibility of achieving light-emitting devices from molecular crystals. Conducting polymers invented in 1977 is another important discovery. These novel conducting polymers provide tremendous possibilities for the manipulation of organic electronic devices [3] . Moreover, the Nobel Prize in chemistry in 2000 was shared by H. Shirakawa, A.G. MacDiarmid, and A.J. Heeger for the invention of organic electronic devices. Even though the previous studies showed the potential of electronic devices, the progress in applications of organic materials is still far from expectations. Until 1980s, the interest of researchers in undoped organic semiconductors significantly increased owing to the demonstration of a series of efficient organic electronic devices. A two-layer organic photovoltaic cell with low voltage and efficient thin-film light emitting diode was fabricated by Tang et al. in 1986 and 1987 [4, 5] . In 1986, the first transistor based on organic semiconductor was reported [6] , and this led significant interest of researchers in the field. Compared to silicon-based electronic devices, the efficiency of organic devices such as LEDs, solar cells, and transistors is less. However, the organic electronic devices can be fabricated flexibly and will be the promising candidate for ultimate technology to customers and industries in the near future. However, organic materials are unstable when operating in the ambient conditions. Therefore, achieving flexible devices is a big challenge [7] . In fact, many technologies were used to encapsulate organic electronic devices. The achievement of the companies active in the development of high barrier films is remarkable. A well-known approach called Barix technology can be efficient to protect devices from the corrosion of water vapor and oxygen permeation. This technology involves the deposition of alternative dyads of organic and inorganic films as the barrier layers [8] . Samsung SDC has adopted direct encapsulation by TFE using the Vitex multilayer technology with the implementation of three or less dyads. This technology with variation in the deposition techniques is currently used in the development and production and is expected to hold for the next generation of foldable displays. However, up to now, no mature product by thin-film encapsulation technology is in the market, as it is expensive because of low throughput and high investment. Recently, an alternative technology called atomic layer deposition (ALD) was applied to encapsulate organic devices. The barrier layer fabricated by ALD showed identical barrier performance with thinner barrier layers than other encapsulation methods [9] . However, the total growth time of the deposition is still too long to be applicable in industries.
In this article, the degradation mechanism caused by water vapor and oxygen is discussed. Various barrier performance measurements and encapsulation methods will also be discussed in the later part. After introducing the traditional encapsulation techniques, thin film encapsulation (TFE) methods such as sputter, chemical vapor deposition (CVD) and ALD will be discussed. Finally, the TFE technique on the flexible electronic devices will be presented.
Degradation mechanism of organic electronic devices
Organic light-emitting devices (OLEDs) have undergone rapid development among all the organic electronic devices. The degradation of OLEDs has been reported in literature by various researchers. The degradation of small molecule organic materials, migration of ionic species, electrochemical reactions at the electrode/organic interface, dark spot growth, and the effect of water vapor and oxygen have been reported [10] [11] [12] [13] [14] . In 1992, Adachi et al. first compared the devices operated at different conditions and showed that the luminance of the devices operated in the ambient condition decreased from 115 cd/m 2 to 1 cd/m 2 during 2.5 h. However, the device worked well for 15 h under vacuum with the same decay trend of luminance, indicating that water vapor and oxygen were the main reason for the decay of OLEDs [15] . By analyzing the degradation mechanisms in OLEDs, Schaer et al. found that water vapor is thousand times more destructive than oxygen at room temperature. In general, dark particles deposited during the fabrication led to the formation of pinholes in the cathode. Water vapor pass through the pinholes and diffuse into the cathode/organic interface, producing hydrogen gas by reacting with the cathode. Under the pressure of the gas, bubbles are formed. Through the bubbles, water can be transported much faster than by diffusion. Eventually, the bubbles burst and give rise to additional entry ports for water vapor [14] . The degradation mechanisms of organic photovoltaic devices (OPV) and organic thin-film transistors (OTFT) are the same to OLEDs [16] [17] [18] . Therefore, the devices require protective layers with extremely low water vapor and oxygen permeability. Other studies have shown that the water vapor permeation rate should be less than 10 g/m /day 6 2 − , and oxygen permeation rate should be less than 10 cc/m /day 3 2 − . The minimum values are required to assure adequate lifetime for most OLEDs [8] .
Measurement of permeation rate
Until now, the most common test method to evaluate the encapsulation of organic electronic is electrical analysis of calcium (Ca) corrosion [19, 20] , usually called as Ca corrosion test, demonstrated by Paetzold et al. in 2003 [21] . Numerous approaches were adopted before the Ca corrosion test. Tritiated water test, first introduced in 1992 by Coulter et al. [22] improved the accuracy of water vapor transmission rate (WVTR), representing a lower WVTR value below 10 g/m /day 6 2 − [23, 24] . In Groners work, tritiated water used as a radioactive tracer was placed on the bottom flange, resulting in a 100% relative humid environment on the downstream side of the encapsulating film, as shown in Fig. 1 .
Moreover, a vial containing LiCl was suspended in the top part of the chamber. The container absorbed the tritiated water (HTO) and water permeating through the film. To calculate the HTO transmission rates, the decay of tritium must be counted by a scintillation counter. Cros et al. used controlled relative hygrometry (HDO) to measure the permeation. The HDO test was similar to the HTO test [25] , with a favorable detection limit, and the result of the HDO method needed further study because of the fact that the absorption of HTO (HDO) can be affected by the water vapor from the outside atmosphere. Furthermore, the test was dangerous, because of the radioactivity of the radioactive tracer and unavailability in some experimental situations.
The method using a humidity sensor provided by the commercial technology was another measurement method for the permeation of water vapor as well as oxygen, resulting in the oxygen transmission rate (OTR). Instruments developed by MO-CON Inc. were used for measuring the WVTR and OTR in numerous studies [23, 26, 27] , supporting the user-friendly operating process. However, the sensitivity of the method, 10 g/m /day 3 2 − , was not sufficient for the measurement of barrier film especially on OLEDs.
Ca, as a conducting and opaque metal, become non-conducting and transparent after the oxidation, making Ca corrosion test possible for measuring the permeation rate through the film and can be calculated by the following equation:
where δ is the density of Ca, l and b are length and width, respectively, of Ca layer, and ρ is the Ca resistivity, indicating that the permeation rate is proportional to differential of the conductance curve 1/R versus measurement time t. Ca reacts with water following the reaction shown in the following equations:
The value of n can differ, because each Ca atom can react with half molar equivalent oxygen (n ¼0.5) molecule or up to two water molecules (n ¼2) [21] . A WVTR can be obtained from an improved function by the adjustable n [28] 
Moreover, the analysis of the permeation can be either electrical [29] or optical [19] . Both these are highly sensitive, because the oxidation can be monitored by measuring the resistivity of Ca compounds as well as tracking the transparency. Layouts of both the analysis methods are shown in Fig. 2 .
Traditional encapsulation methods
The commercial products based on OLEDs such as OLED display, lighting product are available now, and most of displays are based on the solid substrates. The encapsulation method is achieved by glass and metal lid [30] . In 1994, Burrows et al. presented a simple encapsulation technique for OLEDs. The design for the encapsulated OLEDs is shown in Fig. 3(a) . Glass palates were used as the substrates, and indium tin oxide (ITO) was coated on the substrates. The organic layers and the top electrodes are grown by the thermal evaporation. Then, the device is transferred to a glove box under nitrogen. The epoxy adhesive is introduced around the edge of the device using a syringe. Finally, a clean metal or glass lids covers at the top of the device. An inert nitrogen gas is filled in the sealed volume. The encapsulated devices maintain 40% of the initial luminance after more than 1000 h continuous operation [30] . In addition, desiccant materials such as Ca and barium were used to absorb water vapor diffusing from the epoxy adhesive and removing any existing water [31] . The sealing of organic devices between the two glass substrates was developed using plastic substrates with barrier films [32] . Recently, Yang et al. performed a very simple and convenient method with UV-curable polymer (NOA63 from Norland Optics) film as a passivation layer, acting as a temporary barrier for OLEDs. The NOA63 protective layer significantly restricted the moisture penetrating into the OLEDs, without affecting its performance. The decay time (1860 min) of the device reached 70% of the initial luminance and was 6.8 folds higher than that of the device without encapsulation. The effective water vapor transmission rate was 0.031 g/m /day 2 at 20°C and 50% RH [33] .
However, these typical encapsulation techniques with rigid materials have some problems in application in flexible devices [34] . Moreover, flexible encapsulation approaches such as ultrathin glass, barrier-coated flexible lids, and vacuum-deposited thin films are more effective, as shown in Figs. 3(a) -(c) [35] [36] [37] . In 1983, Jamieson et al. utilized vacuum deposition to obtain aluminum (Al) layers (10-100 nm) on polyester film, as an attempt of flexible cathode and thin-film defect layer. The Al layers were polycrystalline with the grain size of the order of the metal thickness. The measured oxygen permeability of the metallized films correlated linearly with the observed density of 2-3 μm diameter pinhole defects in the Al coating; however, it has no significant relationship to the coating thickness. The major cause of the pinhole defects is the presence of dust particles on the polymer film surface during the metallization, which subsequently become dislodged and leave an unmetallized shadow. The damage by scuffing of particles can also be a source of pinhole defects, which are often observed as "runs" [38] . In 2005, Jeong et al. investigated the Al cathode generated by ion-beam-assisted deposition (IBAD), which significantly improved the passivation properties than that by the thermal evaporation. The dense and highly packed Al cathode effectively prohibited the permeation of H 2 O and O 2 from pinhole defects, slowing the growth of black spots [39] .
Attempting metal deposition may provide the possibility of thin film encapsulations, overcoming the barrier layer deposition of metal oxide and molecules. Different methods are applied in manufacturing thin films. Chemical vapor deposition (CVD) as well as atomic layer deposition and molecular layer deposition (ALD/MLD) are most frequently used methods [7, 40, 41] . Compared to the CVD, the ALD/MLD shows excellent surface properties owing to its self-limit growth mechanism, suffering from extremely slow processes. Moreover, the CVD reactions can be performed at atmospheric pressure, whereas the ALD/MLD processes can only be performed in a low vacuum. Because of there limitations, the surface characteristics of the ALD-processed thin films exhibit much lower permeabilities [42, 43] . Therefore, both these methods fit for different demands and will be discussed in detail in the following sections. [40]. All of them are inexpensive with mass production. The APCVD technique has a lot of advantages such as good step coverage, uniformity, and relatively low cost. However, this type of deposition process works at high temperatures. Therefore, to lower the deposition temperature, the PECVD was adopted. PECVD is a type of deposition technology, allowing industrial-scale deposition of good quality insulating films such as silicon nitride and silicon oxide with good adhesion [44, 45] . The most important advantage of PECVD is that it can be performed at low deposition temperatures. Thermal CVD requires deposition temperatures in the range 700-900°C, whereas only 250°C or lower temperature is required to deposit similar films by PECVD. Because of the intrinsic properties of organic materials and polymer substrates for flexible electronics devices, the deposition temperature is limited mostly below 100°C [46] . Therefore, it is common to deposit films by PECVD at low temperatures for organic device fabrication.
Chemical vapor deposition technology
In the mid-1970s, PECVD was first used in photovoltaic (PV) devices (amorphous silicon solar cells). In 1981, Hezel and SchoKrner transferred the fabrication of SiN x by PECVD from the microelectronics industry to the crystalline silicon PV community. After that, metal-insulator-semiconductor inversion layer (MIS-IL) cells were developed by using plasma silicon nitride [47] . In 1999, Erlat et al. deposited SiO x gas barrier coatings on polymer substrates by PECVD. His study demonstrated that it was possible to use SiO x or SiN x thin films in biomedical device applications and food packaging, indicating that thin film deposited by PECVD had good water vapor barrier performance and it can be deposited on polymer surfaces owing to its flexibility [48] . Six years later, Wuu et al. used SiO x and SiN x films deposited by PECVD to encapsulate the OLED. Even more, they used multilayered structures of multiple polymer/inorganic layers to improve the barrier performance. In their study, the WVTR and OTR of SiO x (50 nm)/SiN x (50 nm) barrier coatings on PC at 80°C decreased to 0.01 g/m /day 2 and 0.1 cm /m /day 3 2 , respectively. This result caused significant repercussions in the encapsulation technology, broadening the aspects of PECVD encapsulation prospects [43, 46] . The barrier properties of the PECVD deposited film by numerous studies are summarized in Table 1 .
Optimum film stress, optical transparency, low surface roughness, good mechanical behavior, and low deposition temperature are the requirements for barrier films for flexible OLEDs. The amorphous hydrogenated thin films deposited by PECVD at intermediate substrate temperatures have good adhesion and good coverage of complicated substrate shapes. All the significant and encouraging results make PECVD technique increasingly attractive. The advanced success in PECVD encapsulation will be the need of the future.
ALD technology
ALD, a technique widely used nowadays, especially in TFE, was developed and introduced worldwide in the late 1970s [7] . When the term atomic layer epitaxy (ALE) was used, the first ALE (nowadays called ALD) was reported in 1977 by Suntola et al. [52] , because of its self-limiting surface reactions, ALD is better described in literature. The principles of the ALD method are based on sequential, alternate, self-limiting surfaces reactions on the substrate showing in Fig. 4 . The self-limiting growth mechanism ensures the growth of thin film of excellent uniformity and conformity with accurate thickness on large and complex surfaces [53] [54] [55] [56] . The thin films are grown in an ALD reactor, described in detail in literature [57] . Compact films grown by ALD are achieved by an AB binary sequential reaction, separated by washing flow (mostly N 2 ). The characteristic shows that ALD as a very promising technique for thin film encapsulation and is an important opportunity for the development for organic electronics industry.
Al 2 O 3 thin film growth at lower deposition temperatures using trimethylaluminum (TMA) and H 2 O by ALD is reported. The elemental analysis of the thin film revealed that the hydrogen content increased with decreasing growth temperature. In the meantime, the densities of the Al 2 O 3 thin film decreased as the temperature decreased, and the densities were 3.0 and 2.5 g/cm 3 at 177 and at 33°C, respectively [58] . Remarkably, with decreasing growth temperature, the reaction time became longer, because of the slower reaction rates and longer purge time. Sarkar [61] . Hybrid nanolaminates improving the encapsulation performance [9] besides single layer ALD thin films in literature are summarized in Table 2 .
By prolonging the permeation path for water vapor, a lower WVTR value can be obtained. According to some researches [62, 63, 54] , both Al 2 O 3 single film and Al O /ZrO 2 3 2 hybrid film exhibited an amorphous structure, whereas ZrO 2 single film showed a monoclinic structure, as shown in Fig. 5 . The formation of a more stable ZrAl O x y phase with less hydrogen bonding resulted in better barrier properties [63] . The reported WVTR value for 30 nm Al O /ZrO at 38°C and 90% RH was achieved [66] .
Recently, many researchers studied the emerging molecular layer deposition (MLD) technique to fabricate hybrid organic/inorganic thin films, exhibiting excellent mechanical stability and flexibility [41, 68] . MLD is similar to ALD and can be deposited by the same equipment with different precursors. The deposition of hybrid films with no transfer-induced impurities is very convenient. Sundberg et al. [69] introduced a variety of hybrid organic/inorganic thin films. When organometallic precursors reacted with alcohols or phenols, the resulting films were called metalcone [68] . Many researchers studied the barrier performance of the hybrid organic (MLD)/inorganic (ALD) films [70] [71] [72] [73] [74] [75] [76] [77] [78] . The WVTR value of Al 2 O 3 /alucone films was 2.08 10 g/m /day 2 2 × − , which was lower than that of Al 2 O 3 or alucone single layer under the same conditions [72] . The tunable optical characteristics of × − was obtained [79] .
Thin film encapsulation for flexible devices
The study for the development of flexible organic light emitting diodes (FOLEDs) is rapidly increasing worldwide, because FOLEDs will radically change several aspects of daily life. In particular, with the exploration of flexible electrodes, flexible polymeric substrates, and flexible encapsulation technique, the low-cost roll-toroll production processes will be possible to broaden the application areas such as lighting and displaying [80, 81] .
However, some issues about the flexibility of OLEDs have to be solved. Flexible polymer substrates used in FOLEDs are flexible than the traditional glass or metal substrate, but have insufficient barrier performance against water vapor and oxygen. According to literature [31, 82] , respectively, and were determined by the instinct aspects of the materials. These values are much higher than those for the rigid glass substrate. Moreover, the polymer substrates such as PET, PEN, and PI are rougher than glass or metal substrate, because they cannot be flattened through some mechanical processing tools. The surface roughness is also very important for the performance and lifetime of FOLEDs [83, 84] . Therefore, a smooth barrier layer on flexible polymer substrate is needed for FOLEDs [7, 85] .
Inorganic/organic hybrid encapsulation film is known to be superior compared to single inorganic layer in the barrier performance in FOLEDs, mainly because of two reasons: (i) the organic layer in nanolaminates functions as a type of resistive interlayer that appears to lengthen the diffusion path for water permeation, (ii) nanolaminates inhibit the propagation of the defects through the multilayer structure. Both these characteristics are beneficial as they improve the associated WVTR values [86, 87] . In 2002, Weaver et al. fabricated an air-stable organic light-emitting diodes using a 175 mm thick PET substrate coated with an Al 2 O 3 /polymer multilayered barrier film. The estimated WVTR value through the plastic substrate was 2 10 g/m /day 6 2 × − . A lifetime of 3800 h from an initial luminance of 425 cd/m 2 was achieved [32, 88] . In 2006, a multilayer thin film encapsulation method was adopted by Kang et al. to protect an organic layer from water vapor and oxygen. The hybrid thin films were deposited onto PET by electron beam and sputtering. The SiON/SiO 2 and parylene layer showed the best barrier properties. The WVTR of the PET substrate decreased from 0.57 g/m /day 2 (pristine substrate) to 1 10 g/m /day 5 2 × − by the application of SiON and SiO 2 layers, showing immense potential for the FOLED applications [89] [90] [91] . With the development of ALD technique, more and more researchers have focused on the ALD deposited thin films in the encapsulation of FOLEDs. In 2012, Vähä-Nissi et al. first studied the Al 2 O 3 /alucone hybrid film deposited by ALD and MLD. They found that with alucone (MLD) organic layer insertion, the number and size of defects were smaller compared to the thick brittle Al 2 O 3 films after straining, thus improving the barrier performance [92] . In 2013, some Korean research groups studied the ALD-based inorganic film combined with different organic films by spin coating on flexible substrate. As shown in Fig. 6 , Choi et al. obtained a low WVTR of 1.14 10 g/m /day 5 2 × − and an average transmittance of 85.8% in the visible region for the flexible multi-barrier containing a silica nanoparticle-embedded organic-inorganic hybrid (SCH) nanocomposite and Al 2 O 3 [93, 94] . Moreover, they also studied the MgO/SCH hybrid structure. The results of the Ca corrosion test showed that 4.5 dyads of the MgO/SCH nanocomposite had extremely low WVTR of 4.33 10 g/m /day 6 2 × − and an excellent optical transmittance of 84% [95] . Based on the above studies, in 2014, Duan et [77] . Besides, their adjustable composition allows the tuning of the optical properties, thereby enhancing their application potential for the design and fabrication of highperformance light out-coupling structures for top emitting OLEDs. By carefully adjusting the relative thickness ratio of the inorganicorganic encapsulation materials, optimized light extraction and high moisture barrier performance were achieved [79] .
Even after overcoming the water vapor permeation problem, another concern about FOLEDs exits. When a FOLED device suffers from an external stress, cracks or even delamination may appear among the thin films when the stress exceeds more than an optimum value. In a conventional OLED device structure, ITO is known as the most common anode material with Young's Modulus and yield stress of 120 GPa and 1.2 GPa, respectively, making it the most brittle layer in the device. Researchers have studied the mechanical properties of ITO under different types of stresses [96] . Tensile and compressive stress can make ITO thin film cracking or buckling. On account of this, the sheet resistance will increase, and the films will delaminate finally [97, 98] . Although many researchers are working on finding a substitute for ITO, this material is still the best as the anode in OLED devices. Therefore, an encapsulation layer between the polymer substrate and ITO electrode with both efficient water vapor barrier performance and stress buffering effect is of great concern now [99] .
Summary
Organic electronic devices are the promising technologies in the future, especially for the flexible devices. To improve the stability, more advancing technologies are needed to encapsulate the devices instead of the traditional methods. Previous studies have shown the potential of the encapsulation property of the TFE technology. After depositing thin film by PECVD and ALD, the operating time of organic devices increased significantly. By optimizing the materials, structures of barriers and the deposition processes, the value of WVTR decreased significantly. Recently, the ALD/MLD technologies offer a great potential for the applications in flexible devices encapsulation. However, there are still issues in manufacturing, practically the TFE on large area/flexible application. This article discusses the present issue and the potential technologies to improve the barrier properties for organic electronics. The flexible devices with the development of TFE methods will be the promising technology in the future.
